Radar has emerged as an important tool in avalanche research. However, existing radar sensors suffer from coarse range resolution capabilities. This limits the usefulness of the data they collect in validating models of avalanche dynamics. This paper details the development of a frequency modulated continuous wave, phased array radar, and its associated signal processing, for non-invasive measurements of entire avalanche events. The radar outperforms existing avalanche radar sensors in terms of range resolution, and it provides cross-range resolution using a phased array receiver. The radar has been operating at the Vallée de la Sionne avalanche test site in Switzerland since the 2010 winter season. It has successfully gathered measurements of entire natural avalanche events. In this paper we show two-dimensional radar images of a naturally occurring avalanche, the first of their kind, which re- * Corresponding author. Tel.: +44 2076790153.
Introduction
time. We will provide an in-depth description of the radar and antenna array design, and an analysis of the system performance. We also detail the 
Microwave Characteristics of Snow

54
The radar system operates in the microwave electromagnetic spectrum 55 and its design started with a brief analysis of the microwave characteristics 56 of snow so that a radar link budget could be formulated. An avalanche, and 57 the regions comprising an avalanche, can be characterised by their snow/ice 58 density, water density and air density. In the interest of formulating a link 59 budget, it is good practice to design for the worst-case scenario. In this case, 60 that scenario is the one which provides the lowest backscatter coefficient, σ
• , 61 a dimensionless quantity that describes the average effectiveness of a surface 62 to scatter radiation upon it. In this paper, we are interested in measuring the line (Pozar, 2012) : lowing two-way propagation, the radar signal is mixed with a portion of the 129 transmitted signal in a process known as deramping. This generates a beat signal whose frequency can be described by (Stove, 1992) , =) 3750 m to satisfy the Nyquist sampling criterion.
147
A moving target will produce a Doppler frequency of 35 Hz/ms −1 .
148
The link budget can be calculated using the radar equation modified for 149 a distributed target. The distributed target radar equation can be expressed 150 in the following form (Ulaby et al., 1982) :
152 where P r is the received power, λ o is the operating signal wavelength, P t 153 is the transmitted power, G t is the transmitter antenna gain, and G r is 154 the receiver antenna gain. Using the range resolution and beamwidth, the application, we can make the following simplification:
162
where ψ is the grazing angle, and θ B,az is the azimuthal beamwidth of the 163 transmitter antenna. Hence, the modified distributed target radar equation
164
and signal-to-noise ratio (SNR) for a particular target range in this scenario can be described by: It can be seen in Equation (6) 
Radar Specifications and Performance
199
The radar design is shown as a block diagram in Figure 3 of the same cavity filter used in the transmitter and a low noise amplifier.
211
The incoming FMCW signal is down-converted using a portion 8. 
216
This technique is commonly known as frequency gain control (Stove, 1992) .
217
It also implements a low-pass filter that acts as an anti-alias filter before 218 analogue-to-digital conversion.
219
The noise figure of the receiver was measured across the baseband band- In order to provide cross-range measurements of an avalanche, the new 235 radar employs a receiver array comprising eight receiver antenna elements.
236
The radar is deployed at the avalanche bunker at Vallée de la Sionne (see 
Radar Signal Processing
The radar design presents some interesting signal processing challenges in 255 order to generate 2-D images of the recorded avalanches. This section details 256 the processing steps that were developed to generate these images.
257
The radar data are recorded by an eight channel data acquisition system 
319
where k is the wavenumber, R 0,n is the path length to the dominant scatterer 320 to element n, β n is the measured phase error due to travelling through its re-321 ceiver system and its associated circuits, and δφ 0,n is the phase measurement with range. The cophased output of the algorithm can be summarised by:
where φ i,n is the phase at range bin i measured by array element n, k is the 333 wavenumber, x n is the distance to element n from the reference element, R i over all range bins. In this algorithm, the phase error due to clutter δφ 0,n 337 has been assumed to be constant over range. This is the main source of error 338 in the algorithm.
339
Once the array has been calibrated, the process of beamforming can be 340 carried out in order to produce two-dimensional images of the avalanche using 341 the well-known beamforming equation (Steinberg, 1976) :
W n e jkdn(sin θ−sin θ 0 )
343 where W n is the amplitude weighting at element n, d n is the distance be-344 tween element n and the reference element, and θ 0 is the pointing direction.
345
Amplitude weighting was used to reduce the close-in spatial sidelobe levels at 346 the expense of a slight degradation in array beamwidth (from 0.5
• to 0.6 • ).
347
A gentle raised cosine taper (p = 0.6) was used as the weighting function 348 (Trees, 2002):
where L is the total width of the array (5.31 m).
351
The dynamic range of the background clutter measured at the avalanche 
where V f is the complex MTI filtered output, V u is the complex unfiltered (15) shows the filter in its low-pass form which isolates the stationary clutter.
366
The moving snow can be isolated by taking the difference between the input 367 data and the low-pass filtered data (thus behaving as a high-pass filter). 
Avalanche Test Site
391
The radar is deployed at the Vallée de la Sionne (VDLS), Switzerland been seen in the radar data to date but it is believed with further processing 441 they can be revealed.
442
The range data were processed to produce range-time images of the data high-resolution images per second). Indeed, it will take some time to realise 511 the full potential of the data generated by this new radar. 
526
The sensor has been reliably collecting data for a few winter seasons now.
527
The processing of the collected data is a demanding task and the processing zone have been labelled. These will be referred to during analysis of avalanche composed using an average of all eight receiver channels for 738 the chirp 6 data. Four significant avalanche fronts have been labelled.
739
The two boxes indicate the regions from which the following two 2-D 740 images are taken. 
